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GFR1 Expression in Cells Lacking
RET Is Dispensable for Organogenesis
and Nerve Regeneration
ing subunit, GFR, and a signaling subunit, the RET
tyrosine kinase, associate to form a functional receptor
complex. Four GFRs have been identified, and prefer-
ential binding of each GFR(14) to its cognate ligand
confers specificity to GFL signaling (Airaksinen and
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diverse neuronal populations, including enteric, motor,and Pharmacology
sympathetic, parasympathetic, and sensory neuronsWashington University School of Medicine
(Cacalano et al., 1998; Enomoto et al., 1998, 2000, 2001;St. Louis, Missouri 63110
Heuckeroth et al., 1999; Honma et al., 2002; Moore et4 Laboratory for Neuronal
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1994). This finding is consistent with that of GFLs’ abilityRIKEN Center for Developmental Biology
to support the survival of various types of neuronsKobe, Hyogo 650-0047
in vitro (Buj-Bello et al., 1995; Henderson et al., 1994;Japan
Heuckeroth et al., 1998; Kotzbauer et al., 1996; Lin et
al., 1993; Trupp et al., 1995). GDNF, GFR1, and Ret are
also essential for kidney formation. Importantly, manySummary
abnormalities found in mice deficient in GFLs or Gfrs
are also observed in Ret-deficient mice, and the severityThe GDNF family ligands signal through a receptor
of deficits in Ret-deficient mice is greater than or equalcomplex composed of a ligand binding subunit, GFR,
to that in mice deficient in GFLs or GFRs (Enomoto etand a signaling subunit, the RET tyrosine kinase.
al., 2000, 2001; Rossi et al., 2000). These findings sup-GFRs are expressed not only in RET-expressing cells,
port the notion that all GFLs use RET during ontogenybut also in cells lacking RET. A body of evidence sug-
and indicate that RET is the major signaling receptor forgests that RET-independent GFRs are important for
GFLs. However, because mice deficient in Ret, GDNF, or(1) modulation of RET signaling in a non-cell-autono-
GFR1 lack enteric neurons and functional kidneys andmous fashion (trans-signaling) and (2) regulation of
die at birth, the question of whether RET is the onlyNCAM function. To address the physiological signifi-
signaling receptor capable of mediating the actions ofcance of these roles, we generated mice specifically
GFLs throughout life has remained unresolved.lacking RET-independent GFR1. These mice exhib-
Although both GFR and RET are required for GFLited no deficits in regions where trans-signaling has
signaling, GFR- and RET-expressing regions do notbeen implicated in vitro, including enteric neurons,
completely overlap in vivo, and GFRs are much moremotor neurons, kidney, and regenerating nerves. Fur-
widely expressed than RET (Trupp et al., 1997; Yu etthermore, no abnormalities were found in the olfactory
al., 1998). The expression of GFR in cells lacking RETbulb, which requires proper NCAM function for its for-
(hereafter referred to as “RET-independent GFR”) hasmation and is putatively a site of GDNF-GFR-NCAM
been interpreted as evidence for novel actions of GFRssignaling. Thus RET-independent GFR1 is dispens-
other than serving as coreceptors for RET. In this regard,able for organogenesis and nerve regeneration in vivo,
it is intriguing to note that some GFL-secreting cells
indicating that trans-signaling and GFR-dependent
express GFRs and lie adjacent to RET-expressing
NCAM signaling play a minor role physiologically. cells. For instance, enteric neuron precursors, which are
positive for both RET and GFR1 (hereafter referred to
Introduction as “RET GFR1”), migrate down the mesenchyme of
the gut, which is GDNF GFR1 (Treanor et al., 1996;
Development of the nervous system relies on the coordi- Worley et al., 2000). Similarly, the ureteric bud (RET
nated regulation of cell intrinsic signals and external GFR1) penetrates and branches extensively into the
cues. Neurotrophic factors serve as external cues that GDNF- and GFR1-expressing mesenchyme of the
guide the formation and sculpting of the nervous sys- metanephric blastema (Ehrenfels et al., 1999; Sainio et
tem. The glial cell line-derived neurotrophic factor al., 1997; Yu et al., 1998). Likewise, RET GFR1 motor
(GDNF) family ligands (GFLs) are a relatively new family neurons project profuse axons to muscles (GDNF
of neurotrophic factors that is composed of GDNF, neur- GFR1) during development (Haase et al., 2002; Hen-
turin (NRTN), artemin (ARTN), and persephin (PSPN) derson et al., 1994). Finally, after nerve injury, the levels
(Airaksinen and Saarma, 2002; Baloh et al., 2000). GFLs of GFR and GDNF expression increase in regions distal
signal through a unique receptor system, in which a to the injured site (Naveilhan et al., 1997; Trupp et al.,
glycosylphosphatidylinositol (GPI)-anchored ligand bind- 1997). The increased levels of GDNF and GFR are con-
sidered to be crucial for providing a rich substratum
for the regenerating nerves in a manner similar to that*Correspondence: jeff@pathology.wustl.edu (J.M.); enomoto@cdb.
riken.jp (H.E.) proposed for nerve growth factor (NGF) and the p75
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receptor (Taniuchi et al., 1986). Thus RET-bearing cells dent GFR1 signaling can be demonstrated in vitro (both
are juxtaposed to or encounter an environment enriched in trans and through NCAM), it appears to be dispens-
with both GFLs and GFRs. This expression pattern able for proper development and physiological function.
raises the possibility that RET-independent GFRmight
influence RET signaling in a non-cell-autonomous fashion. Results
In vitro experiments also support RET-independent
signaling by GFRs. For instance, treatment of RET- Characterization of RET-Independent GFR1
expressing neurons in vitro with GFL and soluble GFR Expression with GFR1TLZ Mice
induces a more dramatic rate of cell survival than that To assess the biological importance of RET-indepen-
observed with GFL alone (Paratcha et al., 2001). Promo- dent GFR, we generated mice that lack all RET-inde-
tion of axonal growth by GFLs is enhanced when neu- pendent GFR1 expression. We chose to examine
rons are plated on GFR-coated substrata (Paratcha et GFR1-mediated processes in this context for three rea-
al., 2001). Moreover, when GFR is provided in a graded sons. First, GFR1, the preferred coreceptor for GDNF,
fashion, it can regulate the direction of growing axons is the most widely expressed GFR receptor. Second,
and attract axons even when GFLs are added to the GFR1 deficiency leads to dramatic phenotypes, includ-
culture uniformly (Ledda et al., 2002). Collectively, these ing loss of enteric neurons and kidney (Cacalano et al.,
data support the hypothesis that RET-independent 1998; Enomoto et al., 1998). Therefore we assumed that
GFR plays an important physiological role, perhaps by the contribution of trans-signaling to overall RET signal-
capturing and concentrating diffusible GFLs and pre- ing would be most apparent in mice that specifically
senting them in trans to RET-expressing cells to stimu- lack RET-independent GFR1. Third, evidence suggests
late RET signaling (i.e., trans-signaling) (Paratcha et that GFR1 influences NCAM function to promote the
al., 2001). proper formation of the olfactory bulb (Paratcha et al.,
Other evidence suggests that GFRs can mediate 2003).
GFL signaling in a RET-independent manner through To establish an in vivo system for assessing the bio-
the neural cell adhesion molecule (NCAM) (Paratcha et logical roles of RET-independent GFR, we generated
al., 2003). In association with GFR, NCAM becomes a new GFR1-deficient mouse line in which the taulacZ
phosphorylated by GDNF, and this phosphorylation is (TLZ) transgene was inserted into the first coding exon
followed by activation of FYN, a member of the Src family of the GFR1 gene (Supplemental Figures S1A and S1B
tyrosine kinases. A functional action of GFL-dependent [http://www.neuron.org/cgi/content/full/44/4/623/
NCAM activation has been demonstrated in several par- DC1/]). This insertion deleted 95 nucleotides of the GFR1
adigms. For instance, GDNF promoted migration of gene corresponding to the 5-untranslated region and the
Schwann cells in an NCAM-dependent, but RET-inde- first methionine codon, and this deletion inactivated the
pendent, fashion in vitro. In a cell adhesion assay, the function of the GFR1 gene. Mice that were heterozy-
presence of GFR in NCAM-expressing cells interfered gous for GFR1-TLZ mutation (GFR1/TLZ) grew nor-
with the adhesive activities of NCAM. Most importantly, mally without any obvious deficits and were fertile.
a physiological requirement of GFL-dependent NCAM
Crosses among GFR1/TLZ mice generated homozygous
activation was revealed through examination of gene-
(GFR1TLZ/TLZ) animals at an expected Mendelian fre-
targeted mice. The most distinctive abnormality found
quency. In situ hybridization analysis revealed that GFR1
in NCAM-deficient mice was an atypical widening of the
expression was completely eliminated in GFR1TLZ/TLZrostral migratory stream (RMS), the specific migratory
mice (Supplemental Figure S1C). All GFR1TLZ/TLZ miceroute that newly generated neuronal precursors in the
died perinatally because of the absence of the kidneyssubventricular zone take to reach the olfactory bulb
and enteric neurons. This phenotype was identical to(Chazal et al., 2000; Tomasiewicz et al., 1993). GFR1-
that previously described in GFR1-deficient mice (Ca-deficient mice exhibited a marginal, but statistically sig-
calano et al., 1998; Enomoto et al., 1998).nificant, increase in the width of the RMS, thus appar-
In the developing kidney and gut, Ret expression isently mimicking the phenotype of NCAM-deficient mice
restricted to the tip of the ureteric bud and to enteric(Paratcha et al., 2003). The evidence, however, for physi-
neurons, respectively (Figure 1A, left). In contrast,ologically relevant GDNF-GFR-NCAM signaling re-
GFR1 is expressed in these RET cells and by mesen-mains inconclusive because GFR1-deficient mice die
chymal cells that also express GDNF (Figure 1A, middleat birth before complete formation of the RMS and olfac-
and right). To assess whether taulacZ expression reca-tory bulb.
pitulates physiological GFR1 expression, we examinedWith the accumulation of in vitro evidence supporting
tissues of GFR1/TLZ mice by X-gal histochemistry. Wethe functional importance of (1) trans-signaling and (2)
found -galactosidase (-Gal) activity in regions pre-GFL-dependent NCAM signaling by GFRs, it is impor-
viously reported to express GFR1 (Figures 1B and 1C,tant to examine whether such alternative functions of
data not shown); this finding confirmed -Gal activityGFRs exist in vivo and whether they have an impact
as a reliable marker for GFR1 expression in these mice.on organogenesis and cell differentiation. To address
This analysis revealed widespread RET-independentthese questions, we generated mice in which RET-inde-
GFR1 expression. For instance, RET-independentpendent GFR1 is specifically eliminated (GFR1 is only
GFR1 expression is easily discernible in the mesen-expressed with RET, never in trans). Surprisingly, these
chyme of the kidney as early as E11.5, when the uretericmice are born and grow to adulthood. No structural
bud penetrates the mesenchyme and initiates branchingabnormalities are present in the peripheral nervous sys-
(Figure 1B, top). Likewise, RET-independent GFR1 istem (PNS), the central nervous system (CNS), or the
kidney. Our analysis reveals that although RET-indepen- detected in the mesenchyme of the developing gut as
Physiological Requirement of RET-Independent GFR
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Figure 1. Histochemical Analysis of GFR1-Deficient Mice that Express TaulacZ under the GFR1 Promoter
(A) Typical expression patterns of Ret (left), GFR1 (middle), and GDNF (right) in developing kidney (top) and gut (bottom) from E12.5–E13.5
mouse embryos. GDNF expression was revealed by X-gal staining of GDNF/lacZ mice. GFR1 and Ret expression was analyzed by in situ
hybridization using adjacent sections.
(B) Detection of RET-independent GFR1 expression during the early phase of kidney and enteric nervous system formation. Note blue cells
surrounding the ureteric bud of E11.5 kidney (top; arrows) and in the mesenchyme of the intestine (bottom; arrows) of E12 GFR1/TLZ embryos.
(C) (Top) Whole-mount X-gal histochemistry of GFR1/TLZ (left) and GFR1TLZ/TLZ (right) animals. Although deficits in the kidney and enteric
neurons are obvious in homozygous embryos at E11.5 (ureteric buds indicated by arrows), the staining pattern of the other body regions is
indistinguishable from that of heterozygous embryos. (Middle) Dramatic loss of enteric neurons and their fibers in the esophagus of a newborn
GFR1TLZ/TLZ mouse. (Bottom) Arborization and branching of the brachial nerve are defective in E13.5 GFR1TLZ/TLZ embryos. There are no blue
fibers projecting dorsocaudally from the axillary area (yellow arrows) in GFR1TLZ/TLZ embryos. Strong blue staining in GFR1TLZ/TLZ embryos
represents high levels of GFR1 expression in muscles.
Neuron
626
early as E12 (Figure 1B, bottom). The RET-independent specific markers (e.g., peripherin, IB4, neurofilament,
calcitonin-gene related peptide [CGRP]) did not changeGFR1 expression in the small intestine, detected by
X-gal histochemistry, is extinguished by E19 (data not in Ret/GFR1 sensory ganglion (data not shown). Ret/GFR1
mice grew normally without overt deficits in the entericshown); this finding is consistent with that in a previous
report suggesting potential roles for RET-independent nervous system or kidney.
Assured that expressing GFR1 from the Ret locus didGFR1 in the early phases of enteric nervous system
formation (Worley et al., 2000). not cause any discernible abnormalities, we generated
mice that express GFR1 only in cells that expressWe next examined tissues for abnormalities caused
by inactivation of the GFR1 gene by comparing pat- Ret. These mice were produced by mating Ret/GFR1
mice with GFR1/TLZ mice and subsequently matingterns of X-gal staining between GFR1/TLZ and
GFR1TLZ/TLZ embryos at different time points. As ex- Ret/GFR1: GFR1/TLZ double heterozygotes to GFR1/TLZ
mice to obtain Ret/GFR1: GFR1TLZ/TLZ mice. In thesepected, loss of enteric neurons and kidneys was easily
appreciated as early as E10.5 and E11.5, respectively mice, GFR1 is present in only Ret-expressing cells,
and RET-independent GFR1 expression is eliminated.(Figure 1C, top; data not shown). The visualization of
GFR1 expression via the taulacZ reporter also allowed We refer to this mouse line as the cis-only mouse.
To verify the complete removal of RET-independentus to identify deficits in other areas as well. For example,
we found dramatic losses of esophageal enteric neurons GFR1 expression in cis-only mice, we examined GFR1
and Ret transcripts during embryogenesis by in situin newborn GFR1TLZ/TLZ mice (Figure 1C, middle). We
also observed that arborized branches of the brachial hybridization. We found that GFR1 mRNA was unde-
tectable in the whisker follicles, the endolymphatic ductnerves that target the latissimus dorsi (LD) and cutane-
ous maximus (CM) muscles express GFR1 and are lost (compare Figures 3A and 3B), the mesenchyme of the
kidneys (compare Figures 3D and 3E and 3G and 3H forin GFR1TLZ/TLZ embryos (Figure 1C, bottom). Associated
with this innervation deficit, motor neurons that would a larger view), gut (Figures 3J and 3K), and skeletal
muscles (Figures 3M, arrows, and 3N) in cis-only mice.normally express GFR1 were aberrantly positioned
(see later; Figures 6D and 6E). Interestingly, LD and CM In contrast, GFR1 expression remained intact in Ret-
expressing cells in the ureteric bud and in sensory, mo-muscles do not express Ret, but do express high levels
of GFR1 (Figure 1C, bottom; data not shown) and GDNF tor, enteric, and autonomic neurons (Figures 3B, 3E, 3H,
and 3K; data not shown). The expression pattern of(Haase et al., 2002), thus identifying these muscles as
another area where trans-signaling could potentially GFR1 perfectly matched that of Ret in cis-only embryos
(compare Figures 3B and 3C, 3E and 3F, 3H and 3I, 3Koccur.
Collectively, the analysis has confirmed the high de- and 3L, and 3N and 3O). This analysis confirmed the
total absence of RET-independent GFR1 expression,gree of association between RET-bearing cells and RET-
independent GFR1 during development of the kidney, but demonstrated the preservation of GFR1 expression
in cis-only mice. These results afforded us an opportu-the enteric nervous system, and motor neurons. It is
important to note that these regions are severely af- nity to investigate the physiological necessity of RET-
independent GFR1.fected in GFR1-deficient mice. However, no differ-
ences were found in the regions expressing RET-inde-
pendent GFR1 between GFR1/TLZ and GFR1TLZ/TLZ cis-Only GFR1 Expression Rescues Kidney
embryos by X-gal staining. This indicates that although and Enteric Neuron Deficits Caused
RET-independent GFR1 is widespread, inactivation of by GFR1 Gene Disruption
the GFR1 gene does not lead to dramatic structural cis-only mice were born at an expected Mendelian fre-
alterations in tissues expressing RET-independent quency, grew indistinguishably from their wild-type lit-
GFR1 during development. termates, and were fertile. The survival of cis-only mice
contrasted remarkably with the neonatal death of
GFR1-deficient mice, which indicated that GFR1 ex-Generation of cis-Only Mice
To generate mice that specifically lack RET-indepen- pression via the Ret locus could complement many of
the deficiencies observed in GFR1-deficient mice. Wedent GFR1 expression, we produced another mouse
line in which the GFR1 cDNA was cloned into a 9.0 kb therefore focused our attention on those regions that are
dramatically affected by GFR1 deficiency, in particular,fragment of the Ret gene so that the GFR1 transgene
was expressed under control of the Ret promoter (Fig- the kidneys, enteric neurons, and motor neurons (Caca-
lano et al., 1998; Enomoto et al., 1998; Haase et al., 2002).ures 2A and 2B). The successful expression of GFR1
by the Ret promoter was confirmed by using in situ Induction of the metanephros relies on GDNF signal-
ing via GFR1/RET receptor complexes. In the mouse,hybridization and immunohistochemistry to perform ex-
pression analysis of GFR1 and Ret in sensory ganglion GDNF is expressed in the metanephric blastema as early
as E10.5 and induces evagination of the ureteric budneurons of adult Ret/GFR1 mice (Figure 2C, data not
shown). Although GFR1 is normally expressed in ap- from the distal part of the Wolffian duct (Sainio et al.,
1997). GDNF is also required for penetration of the ure-proximately 30% of Ret neurons in wild-type trigeminal
ganglion (Naveilhan et al., 1998), all Ret neurons ex- teric buds into the kidney mesenchyme and for their
successive branching (Pichel et al., 1996). Consistentpress GFR1 mRNA in Ret/GFR1 mouse ganglion (Figure
2C). Nonetheless ectopic GFR1 expression via the Ret with the previously reported phenotype of GFR1-defi-
cient mice, the ureteric bud in GFR1TLZ/TLZ embryospromoter did not appear to influence the differentiation
status of sensory neurons because the size of several failed to grow out from the Wolffian duct or to branch
properly (Figure 4B) (Cacalano et al., 1998; Enomoto etsensory neuron populations identified by population-
Physiological Requirement of RET-Independent GFR
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Figure 2. Generation of Mice Expressing
GFR1 under the Ret Promoter
(A) Schematic diagram showing Ret genomic
locus, targeting vector, homologous recom-
binant, and the resulting Ret GFR1 allele
after removal of the Tn5-neo cassette by Cre-
mediated recombination. Filled triangles rep-
resent loxP sequences. The Southern probe
shown as a small bar at the top detects 6.7 kb
and 5.2 kb fragments of wild-type and mutant
fragments, respectively. Restriction site ab-
breviations: N, NcoI; K, KpnI.
(B) Southern blot analysis of tail DNAs from
wild-type and Ret/GFR1 newborn mice.
(C) Histochemical detection of RET protein
(green) and GFR1 mRNA (red) in dorsal root
ganglion neurons of adult Ret/GFR1 mice.
Note that the two signals completely overlap.
al., 1998). In contrast to the striking deficits in homozy- neurons were observed throughout the entire digestive
tract. Fiber density also appeared comparable betweengous embryos, cis-only embryos displayed proper for-
mation of the ureteric bud (Figure 4C). Ureteric bud wild-type and cis-only neonatal mice (Figures 5G–5M,
data not shown). Thus, in accordance with our findingsmorphology and the timing of penetration into the mesen-
chyme were indistinguishable between GFR1/TLZ and in the renal system, formation of the enteric nervous
system occurs normally in the absence of RET-indepen-cis-only embryos. Moreover, successive branching of
the ureteric bud occurred normally. Finally, in newborn dent GFR1.
cis-only animals, fully developed kidneys were observed
(compare Figure 4H with Figures 4F and 4G), and no GFR1 Expression in Skeletal Muscle
Is Not Essential for Motor Innervationhistological abnormalities were detected (Figures 4D
and 4E). This kidney phenotype was consistent in all and Neuronal Positioning
GDNF is expressed at high levels in the LD and CMcis-only mice (n  40).
GFR1 deficiency leads to a nearly complete loss of muscles and induces the PEA3 transcription factor in a
subset of motor neurons destined to settle in the medialenteric neurons in the digestive tract distal to the stom-
ach (Cacalano et al., 1998; Enomoto et al., 1998). Whole- portion of the lateral motor column (LMCm) at cervical
levels of the spinal cord (Haase et al., 2002). GDNF-mount X-gal staining of GFR1TLZ/TLZ embryos at E10.5–
E11.5 revealed that enteric neuron precursors migrating mediated induction and maintenance of PEA3 are es-
sential for proper placement of this motor neuron sub-down the small intestine were already absent (Figures
5A and 5B; E11.5 embryos shown). In marked contrast, population and for the projection of these neurons to
the LD and CM muscles (Livet et al., 2002). Whole-mountmigrating enteric neuron precursors were observed in
cis-only embryos (Figure 5C), and their cell density and neurofilament staining revealed a nearly complete ab-
sence of branches of the brachial plexus projecting tothe degree of migration were indistinguishable from
those of GFR1/TLZ embryos. In newborn animals, colo- the LD and CM muscles in GFR1TLZ/TLZ embryos, which
is consistent with previous observations (Figures 6A andnization by enteric neurons and formation of the neural
fiber networks appeared normal in cis-only mice by both 6B). In sharp contrast, these nerve fibers invaded the
muscle area and branched normally in cis-only embryosX-gal staining and acetylcholinesterase (AChE) histo-
chemistry (stomach shown in Figures 5D–5F, data not (Figure 6C). The branching pattern of these nerve fibers
was indistinguishable between wild-type and cis-onlyshown). We next investigated whether elimination of
RET-independent GFR1 leads to changes in the num- embryos throughout the period examined (E11.5 to
E13.5), and there was no variability among embryos (nbers of enteric neurons settling in distinct regions of
the digestive tract. To this end, we visualized enteric 6 for each time point). We next examined the position
of motor neurons projecting to the LD and CM musclesneurons by AChE and NADPH-diaphorase histochemis-
try. These stains identify the vast majority of enteric by whole-mount X-gal staining of E13.5 spinal cords.
We found that one motor pool, corresponding to LMCmneurons and show both neuronal cell bodies and fibers
extending from these cells. No differences in numbers of at C5–8 levels, is missing in GFR1TLZ/TLZ embryos (Fig-
Neuron
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Figure 3. GFR1 Expression Is Constricted
to Ret Cells in cis-Only Embryos
In situ hybridization analysis of GFR1 and
Ret in E13.5 wild-type (WT) and cis-only em-
bryos. Head (A–C), kidney (D–F; G–I for larger
magnification of a few ureteric buds and mes-
enchyme), gut (J–L), and body (M–O) regions
are shown. (A) Although GFR1 is expressed
in whisker follicles (arrow), in endolymphatic
duct (arrowhead), and in muscles in WT em-
bryos, these regions are completely devoid
of GFR1 expression in cis-only embryos (B).
Likewise, GFR1 transcripts in the mesen-
chymal cells of the kidney (D and G), gut (J),
and muscles ([M], arrows) are eliminated in
cis-only embryos (E, H, K, and N). Note that
the signal pattern produced by GFR1 ribo-
probes becomes identical to that produced
by Ret riboprobes in cis-only embryos (B and
C, E and F, H and I, K and L, and N and O).
FL, forelimb; HL, hindlimb; L, liver.
ures 6D and 6E), but is present in the cis-only mice arborization of motor nerves and for proper motor neu-
ron positioning in the spinal cord. They also indicate(Figure 6F). To determine the identity of the missing
motor pool, we examined transverse sections of the that RET-independent GFR1, even when expressed
on targets of innervating nerves, is dispensable for thespinal cord. Immunohistochemical staining with Islet1
and HB9 antibodies revealed that the majority of PEA3 proper guidance of motor nerves.
neurons (detected as Islet1 HB9 cells) are shifted dor-
sally in GFR1TLZ/TLZ embryos (Figures 6G and 6H, Elimination of GFR1 Does Not Influence
Schwann Cell Behavior and Functionarrows), a phenotype identical to that of GDNF- and
previously described GFR1-deficient embryos. The po- During development, GFR1, but not RET, is expressed
at high levels in Schwann cell precursors that migratesition of these motor neurons was normal in cis-only
embryos (Figures 6F and 6I, arrows). We also examined along growing nerves. In vitro, GDNF can promote
Schwann cell migration in a RET-independent fashionmotor innervation, motor neuron positioning, and the
formation of neuromuscular junctions in newborn cis- (Paratcha et al., 2003), while exogenously administered
GDNF can influence the myelination status of axons inonly mice and found no abnormalities (data not shown).
The results indicate that expression of GDNF alone in the the sciatic nerve (Hoke et al., 2003). In addition, there
is a dramatic induction of GDNF and GFR1 in Schwanntarget muscle is sufficient for the formation of defined
Physiological Requirement of RET-Independent GFR
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Figure 4. Kidneys Develop Normally in cis-
Only Mice
(A–C) Whole-mount staining of E11.5
GFR1/TLZ, GFR1TLZ/TLZ, and cis-only em-
bryos, showing the ureteric bud and mesen-
chyme of developing kidney. Although evagi-
nation of the ureteric bud does not occur
properly in the GFR1TLZ/TLZ embryo (B), the
morphological appearance of the kidney is
indistinguishable between GFR1/TLZ and
cis-only embryos.
(D and E) Hematoxylin-eosin staining of E14.5
kidneys of wild-type (WT) and cis-only em-
bryos. Insets show higher magnifications of
the tip of the ureteric bud.
(F–H) Whole-mount X-gal staining of the uro-
genital system dissected from GFR1/TLZ,
GFR1TLZ/TLZ, and cis-only newborn animals.
Blue staining in the kidney represents collect-
ing ducts that express GFR1. No difference
was observed in the pattern and density of
the blue staining (collecting ducts) between
GFR1/TLZ and cis-only mouse.
cells following sciatic nerve injury (Naveilhan et al., 1997; (Figures 7I and 7J). To quantify nerve regeneration ca-
pacity, we performed retrograde neuronal tracing exper-Trupp et al., 1997). The elevated levels of GDNF and
GFR1 expression in Schwann cells are hypothesized iments. Four and 7 days after crush injury, the injured
sciatic nerves were cut 7 mm distal to the crush site,to act as a “GDNF sink” for promoting axon regenera-
tion. We therefore examined whether elimination of and FluoroGold was applied to the proximal nerve
stumps. The number of retrogradely labeled motor neu-GFR1 in Schwann cells affects their normal develop-
ment and function. At E13.5, GFR1 expression was rons (Figure 7K) was counted. We found that compara-
ble numbers of motor neurons were labeled in wild-type,readily detected in migrating Schwann cell precursors
in wild-type mice, but was absent in the cis-only animals GFR1TLZ/: RetGFR1/ (double heterozygotes), and cis-
only mice (Figure 7L, data not shown). Thus, GFR1(Figures 7A and 7B). Nonetheless, the migration pattern
of Schwann cells and their close association with grow- is not essential for proper migration and function of
Schwann cells nor for robust nerve regeneration.ing nerve fibers, revealed by SOX10 and neurofilament
immunohistochemistry, were indistinguishable between
wild-type and cis-only embryos (Figures 7C and 7D). GFR1 Is Dispensable for NCAM Function In Vivo
In contrast to the neonatal death of GFR1-deficientElectron microscopic analysis of adult sciatic nerve re-
vealed no differences in the composition of heavily, mice, cis-only mice survive and mature. This difference
provided us with a novel opportunity to examine the rolethinly myelinated, or unmyelinated nerve fibers between
wild-type and cis-only mice (Figures 7E–7H). Thus, elimi- of RET-independent GFR1 in the mature CNS. In situ
hybridization analysis using GFR1 and Ret riboprobesnation of GFR1 in Schwann cells does not discernibly
influence their migration or myelinating properties. confirmed that RET-independent GFR1 is completely
eliminated in the adult brain of cis-only mice (FiguresNext we investigated whether RET-independent
GFR1 is important for nerve regeneration. Adult sciatic 8A–8C). Because cells that would normally express
GFR1 are marked by taulacZ in cis-only mice, we firstnerves were subjected to crush injury, and regenerating
nerve fibers were examined 4 and 7 days after the injury. searched for deficits by staining brain sections with anti-
-gal antibodies and comparing the staining pattern be-As expected, GFR1 transcripts, normally abundant in
wild-type sciatic nerve, were completely absent in cis- tween cis-only mice and GFR1/TLZ mice. Regions en-
riched with cells expressing RET-independent GFR1only mice (data not shown). Despite GFR1 elimination,
we observed that many regenerating axons readily tra- included the septum, superior colliculus, and medial
habenular nuclei. However, the distribution and densityverse the site of injury in cis-only mice. The apparent
density and growth rate of regenerating axons were of cells and axon projections revealed by this method
were indistinguishable between cis-only mice andalso indistinguishable in cis-only versus wild-type mice
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Figure 5. GFR1 Expression in Gut Mesen-
chyme Is Not Required for Proper Formation
of Enteric Nervous System
(A–C) Whole-mount X-gal staining of E11.5
GFR1/TLZ, GFR1TLZ/TLZ, and cis-only em-
bryos. Black arrows (A and C) depict the wave
front of migrating enteric neuron precursors
in the midgut. Proper formation of the ureteric
bud is also discernible in these embryos
(white arrows). St, stomach.
(D–F) Whole-mount acetylcholinesterase
(AchE) histochemistry of the stomach from
newborn wild-type (WT), GFR1TLZ/TLZ, and
cis-only mice. Although a dramatic loss of
enteric neurons and nerve fibers occurs in the
GFR1TLZ/TLZ mouse (E), no such abnormalities
are observable in the cis-only mouse (F).
(G–L) AChE histochemistry of the colon (G–I)
and NADPH-diaphorase (NADPH-D) staining
of the duodenum of WT, GFR1TLZ/TLZ, and cis-
only newborn mice. Although GFR1 defi-
ciency leads to a nearly total loss of enteric
neurons (H and K), colonization of enteric
neurons and their plexus formation were nor-
mal in the cis-only mouse (I and L).
(M) Quantitative analysis of enteric neurons.
Enteric neurons were stained by AChE histo-
chemistry and NADPH-D, and their numbers
were counted in the esophagus (Eso), small
bowel (SB), and colon. Error bars represent
standard deviations.
GFR1/TLZ mice in all regions examined (Supplemental only mice (519  60 cis-only versus 513  25 wild-type;
n  2 and 3 for cis-only and wild-type, respectively; seeFigure S2 [http://www.neuron.org/cgi/content/full/44/4/
623/DC1/], data not shown). Examination by neurofila- Experimental Procedures). This result indicates that, in
cis-only mice, the survival and maturation of neuronsment and tyrosine hydroxylase staining also revealed
no abnormalities in cis-only mouse brain (data not are not noticeably affected in regions where there is the
potential for RET-independent or trans-signaling.shown). We also examined the cholinergic neurons in
the medial septum. These neurons normally express We then asked a more specific question: Is RET-inde-
pendent GFR1 crucial for regulation of NCAM function?RET, but not GFR1, and project their axons to the
neocortex and hippocampus, which express GFR1 NCAM has been shown to associate with GFR1 and
constitutes a potential alternative receptor complex forwithout RET, suggesting that trans-signaling could po-
tentially occur at this site. However, quantification of GDNF in vitro (Paratcha et al., 2003). In cell adhesion
assays with Jurkat cells, the homophilic interactionsthe number of cholinergic neurons in the medial septum
showed no overt differences between wild-type and cis- among NCAM molecules decrease when GFR1 is coex-
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Figure 6. Motor Neuron Development in cis-
Only Embryos Is Normal
(A–C) Whole-mount neurofilament staining of
E12.5 wild-type (WT), GFR1TLZ/TLZ, and cis-only
embryos. Branches of the brachial nerve pro-
jecting to the LD and CM muscles are encircled
by dotted lines (A and C). In GFR1TLZ/TLZ em-
bryos, these nerve branches are barely de-
tectable (black arrow in [B]).
(D–F) Whole mount staining of E13.5 spinal
cords from GFR1/TLZ, GFR1TLZ/TLZ, and cis-
only embryos. Rostral and ventral parts are
on the left and bottom, respectively. White
arrows depict C5–8 levels where the PEA3
motor pool in the LMCm is clearly observable
in GFR1/TLZ and cis-only embryos (D and
F), but not in GFR1TLZ/TLZ embryos (E).
(G–I) Immunohistochemical analysis of Islet1
and HB9 expression in E12.5 spinal cords.
Whereas the PEA3 motor neurons that are
positive for Islet1 and HB9 immunoreactivity
are mispositioned dorsally in GFR1TLZ/TLZ em-
bryos ([G] versus [H], arrows), the settling pat-
tern of these neurons appears normal in the
spinal cord of cis-only embryos ([I], arrow).
pressed, suggesting that GFR1 can modulate NCAM- granule cells in the olfactory bulb that originate from
RMS neuronal precursors. In NCAM-deficient mice, im-mediated cell adhesion. The possible involvement of
GFR1 in NCAM function in vivo has been identified paired neuronal migration in the RMS leads to depletion
of granule cells, resulting in a disruption of the organizedthrough the analysis of gene-targeted mice. For in-
stance, the most distinctive deficit in the CNS of NCAM- structure of these cells (Gheusi et al., 2000). However,
an examination of the olfactory bulb in the cis-only micedeficient mice is the dramatic reduction in the size of
the olfactory bulb. This abnormality is caused by the revealed no abnormalities in the structural organization
of granule cells (Figures 8I and 8J). Finally, there wasimpaired migration of neural precursors in the RMS, a
migratory path that replenishes the olfactory bulb with no reduction in olfactory bulb size in adult cis-only mice
(Figures 8K and 8L). Thus, elimination of GFR1 expres-neuronal precursors born in the subventricular zone.
The deficit first becomes discernible as a widening of sion in the RMS had no discernible impact on the forma-
tion of the olfactory system, indicating that GFR1 doesthe RMS, resulting from the abnormal accumulation of
cells in the migratory pathway (Chazal et al., 2000; Toma- not significantly modulate NCAM function in this system.
siewicz et al., 1993). Paratcha et al. reported a modest,
but statistically significant, increase in the width of the Discussion
RMS in P0 GFR1-deficient mice, but not in Ret-defi-
cient mice. The evidence was somewhat inconclusive, The presence of GFR receptors in many regions lacking
RET (RET-independent GFR) in vivo prompted manyhowever, because GFR1-deficient mice die at P0, long
before the structural integrity of the olfactory system is GFL researchers to search for alternative roles of GFRs
other than as coreceptors for RET (Ledda et al., 2002;established (Altman, 1969; Smart, 1961).
We therefore performed a detailed examination of the Mikaels-Edman et al., 2003; Paratcha et al., 2001; Trupp
et al., 1997; Worley et al., 2000). These studies haveRMS in cis-only mice after birth. Expression analysis
confirmed the previous observation that GFR1, but not shown that GFRs can modulate RET signaling in a
non-cell-autonomous fashion (trans-signaling) and thatRet, is expressed in the RMS (Figures 8D and 8E). Ac-
cordingly, we detected no GFR1 transcripts in the RMS GFRs can influence NCAM function in a RET-indepen-
dent fashion. However, the evidence has been obtainedin cis-only mice (Figure 8F). We searched for abnormali-
ties in the RMS by examining thionin-stained serial sec- almost entirely with cell culture systems; thus, their
physiological relevance remains unresolved. To addresstions of brains from newborn, 3-week-old, 6-week-old,
and adult wild-type and cis-only mice. We found no this issue, we generated mice that lack all RET-indepen-
dent GFR1 expression (cis-only mice) by expressingabnormalities in the morphology of the RMS in cis-only
mice at any age examined. The density of the cells and GFR1 under the control of the Ret promoter on a GFR1
null background, and we have shown that trans-their arrangement in the RMS were also indistinguish-
able in cis-only versus wild-type mice (Figures 8G and expressed GFR1 and GDNF-NCAM signaling are dis-
pensable in vivo.8H). Measurement of the width of the RMS of 3-week-
old mice revealed no statistically significant differences The first focus of this study was to determine which
aspects of the GFR1-deficient phenotype could be res-between cis-only and wild-type mice (27.2  3.7 	m,
cis-only versus 24.2  1.2 	m wild-type; p  0.2455, cued by GFR1 expressed only in Ret cells. In contrast
to our expectations, cis-only mice were viable and repro-n  3 for each genotype). We further examined the
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the absence of RET-independent GFR1. We conclude
that the effects of trans-signaling observed in the previ-
ous studies are pharmacological actions of GFRs and
do not reflect their physiological roles.
We also examined axon regeneration, a process in
which trans-signaling is purported to play a crucial role.
There is a dramatic induction of GDNF and GFR1 in
Schwann cells following sciatic nerve injury; these cells
are considered to act as a GDNF sink that serves to
promote axon regeneration (Naveilhan et al., 1997;
Trupp et al., 1997). We found, however, that although
GFR1 expression is completely eliminated in Schwann
cells in cis-only mice, axons regenerated at a rate indis-
tinguishable from that in wild-type mice. These results
indicate that GFR1 expression in Schwann cells is dis-
pensable for proper nerve regeneration. Collectively our
analyses strongly suggest that any contribution of trans-
signaling to GDNF-mediated RET actions in vivo is mini-
mal if present at all.
The discovery of GFR association with NCAM
opened up a new crossroads in the study of trophic
factors and adhesion molecule interactions (Paratcha
et al., 2003). We have investigated whether GFR1 is
required for NCAM function in vivo by attempting to
identify phenotypes in cis-only mice that mimic those
in NCAM-deficient mice. Two of the most distinctive
phenotypes in the NCAM-deficient mouse brain are the
structural alteration of the RMS and the size reduction
of the olfactory bulb (Chazal et al., 2000; Cremer et al.,
1994), where GFR1 is normally expressed in a RET-
independent manner. However, no abnormalities were
found in the RMS of cis-only mice. The striated layer of
the olfactory bulb, formed by the granule cells, which
is also affected by NCAM deficiency, was also normal
in cis-only mice. Finally, the normal size of the olfactory
bulb in cis-only mice indicates that loss of GFR1 in the
RMS does not significantly influence the formation of
Figure 7. Normal Development and Function of Schwann Cells in the olfactory bulb. NCAM-deficient mice also display
the Absence of GFR1
abnormalities in the cerebellum and CA3 region of the
(A–H) Schwann cell development in cis-only mice. GFR1 expres-
hippocampus (Cremer et al., 1997; Tomasiewicz et al.,sion in Schwann cell precursors is lost in cis-only embryos, as re-
1993). It was not possible to assess the cerebellum forvealed by in situ hybridization in E13.5 embryos (A and B). Neverthe-
RET-independent GFR1 function because GFR1 andless, no abnormalities were found in Schwann cell precursor
migration ([C and D], E13.5 embryos) and myelination by Schwann Ret are normally coexpressed in the granular layer. Our
cells ([E and F], toluidine blue [TB] staining of semithin sections of analysis also failed to detect structural abnormalities in
adult sciatic nerve; [G and H], transmission electron microscopy the hippocampus of cis-only mice; however, it is possi-
[TEM]). ble that functional deficits in learning and memory, as
(I–L) Nerve regeneration in sciatic nerves subjected to crush injury.
observed in NCAM-deficient mice (Cremer et al., 1994),GAP43 staining detects numerous regenerating nerve fibers travers-
could be present.ing the crush sites in both wild-type and cis-only mice. (K) Represen-
Organisms appear to have an exquisite ability to com-tative retrograde labeling pattern of motor neurons after injury, ob-
tained with the FluoroGold neuronal tracer. (L) Quantification of pensate for genetic losses by altering expression or
retrogradely labeled motor neurons after crush injury. function of other genes that have related functions.
Thus, elimination of GFR1 in the CNS could be com-
pensated for by other GFR receptors such as GFR2.
ductively competent. These findings sharply contrasted We think such effects on GFL-NCAM signaling are un-
with the neonatal mortality of GFR1-deficient mice and likely for the following reasons. First, the expression of
indicated that GFR1 expressed under the Ret promoter GFR2 does not overlap with that of GFR1 in the RMS,
significantly, if not completely, complemented the cerebellum, and hippocampus. Second, NCAM activa-
GFR1 deficiency phenotype. We performed a detailed tion in vitro requires very specific GFL-GFR interac-
examination of developing enteric neurons, developing tions, with GDNF activating GFR1/NCAM complexes
motor neurons, and the kidney, which are all affected but not NCAM/GFR2 complexes (Paratcha et al., 2003).
severely by GFR1 deficiency (Cacalano et al., 1998; Therefore, our current observations strongly suggest
Enomoto et al., 1998). trans-signaling could potentially that GFR1 is not physiologically required for NCAM
occur in each of these regions; however, the survival function in the proper formation of the CNS. We cannot,
however, completely eliminate the potential compen-and differentiation of these cells proceeded normally in
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Figure 8. Normal CNS Development in the
Absence of RET-Independent GFR1
(A–F) In situ hybridization analysis reveals the
presence of cells expressing high levels of
GFR1 in the dentate gyrus of the hippocam-
pus ([A], large arrows), medial habenula ([A],
arrowheads), reticular thalamic nucleus ([A],
small arrows), rostral migratory stream (D: red
arrowheads), and septum ([D], arrow) in wild-
type (WT) brain sections. Only a few cells in
these regions expressed Ret at very low levels
(B and E). In the cis-only mouse, the GFR1
expression pattern completely matched the
WT Ret expression pattern. Coronal (A–C)
and parasagittal (D–F) sections are shown.
(G–L) Development of the olfactory bulb in
cis-only mice. Thionin staining of parasagittal
sections of the brain from 6-week-old mice
revealed no differences in the morphology of
the rostral migratory stream between wild-
type (WT) and cis-only mice (G and H). Stri-
ated layer formation of the granule cells in
the olfactory bulb occurs normally in cis-only
mice (I and J: hatched areas). No decrease
in olfactory bulb size was observed in adult
cis-only mice (K and L). CC, corpus callosum;
LV, lateral ventricle.
satory effects of other GFRs for trans-signaling in long as the expression itself does not have any adverse
effects on survival. Future studies on gene regulationother CNS regions and in axon regeneration. Studies
using cis-only mice with compound null mutations for of GFR, Ret, or GFL and its alterations during evolution
may provide insights regarding RET-independent GFR1GFR2/3 genes will be necessary to address the issue.
Although our study has provided compelling evidence expression.
In summary, we have assessed the physiological re-that RET-independent GFR1 is dispensable for organo-
genesis, the question of why GFRs are more widely quirement of RET-independent GFR1 by introducing
GFR1 expression exclusively in Ret cells in GFR1expressed than RET remains. In many growth factor
systems, it has been observed that the growth factor null mice. This genetic complementation study revealed
that RET-independent GFR1 is not essential for properreceptor is expressed not only in tissues that require
the ligands but also in cells that are apparently irrelevant RET signaling or NCAM function. Thus trans-signaling
or RET-independent signaling plays little or no role into the physiological actions of the growth factors (e.g.,
fibroblast growth factors [FGFs] in craniofacial develop- organogenesis and nerve regeneration. However, the
possibility that GFR receptors may associate with asment [Bachler and Neubuser, 2001]). In such cases, re-
stricted ligand expression determines the specificity for yet unidentified signaling receptors and regulate facets
of neuronal function cannot be excluded. For the impor-the site of actions. In general, evolutionary pressure
does not actively eliminate unnecessary genes; instead tance of such signaling to be validated, it would be
essential to identify deficits that are unequivocally pres-this is believed to occur rather passively. Therefore,
once expression of a gene is established in certain spe- ent in GFR- or cis-only mice, but not in Ret-deficient
mice. Until such deficits are found, the only physiologi-cies, the expression pattern could remain unchanged as
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with peroxidase-conjugated secondary antibodies (Jackson Immu-cally verified role of GFR receptors remains that of a
noResearch). Color was developed in 3, 3-diaminobenzidine tetra-cis-acting coreceptor for RET.
hydrochloride (0.25 mg/ml). For transmission electron microscopy
of adult sciatic nerve, sciatic nerves of 12-week-old mice were fixed
Experimental Procedures
with 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) followed by postfixation with 1% OsO4Generation of GFR1-TLZ and Ret-GFR1 Mouse Lines
in the same buffer. After being stained en bloc with 0.5% uranyl
A HindIII-EcoRV fragment of GFR1 gene encompassing exon 1–4
acetate, samples were dehydrated with ethanol and embedded in
was used to construct the GFR1-taulacZ (TLZ) knockin vector. A
Polybed 812. Semithin (0.5 	m) sections were stained with toluidine
gene cassette composed of the taulacZ cDNA, SV40 polyadenyla-
blue. Ultrathin (70 nm) sections were stained doubly with uranyl
tion sequence, and Tn5 neo was introduced into the second exon
acetate and lead citrate and examined in a JEOL JEM 1010 electron
such that the insertion deleted 95 nucleotides containing the 5-
microscope. VAChT-positive cholinergic neurons were counted in
UTR, the initiator Met, and the signal sequences. To facilitate identifi-
the medial septum and diagonal band nuclei in coronal sections (40
cation of homologously recombined clones by Southern blot analy-
	m thickness, free-floating) of the basal forebrain. Four comparable
sis, the vector was designed to introduce a mutation disrupting a
sections located between 1.10 mm and 0.38 mm anterior to Bregma
BamHI site located in the second intron (Supplemental Figure S1
(Figures 22–28, Franklin and Paxino, 1997) were selected from each
[http://www.neuron.org/cgi/content/full/44/4/623/DC1/]: crossed
animal. The total numbers of VAChT-positive neurons in the four
BamHI site). To construct the Ret-GFR1 targeting vector, the tau-
sections from each animal were determined by an observer who did
EGFP-myc cDNA in the Ret-TGM vector (Enomoto et al., 2001) was
not know the genotype of the animals being studied. Morphometric
replaced with rat GFR1 cDNA (long isoform). Vectors were electro-
analysis of the RMS width in 3-week-old mice was performed using
porated into the 129/SvJ embryonic stem (ES) cell line RW4. For
consecutive parasagittal brain sections stained with thionin. Points
Southern blotting analysis, genomic DNA was digested with BamHI
of measurement were determined as previously described (Paratcha
or NcoI for GFR1-TLZ or Ret-GFR1 targeting vectors, respec-
et al., 2003).
tively. A 0.4 kb EcoRV-BamHI fragment of GFR1 genomic DNA or
a 1.4 kb KpnI-NcoI fragment of Ret genomic DNA was used for
Nerve Injury and Retrograde Neuronal Tracing
labeling hybridization probes. Properly targeted clones were in-
Twelve-week-old mice were deeply anesthetized with pentobarbital.
jected into C57BL/6 blastocysts. High percentage chimeras were
The sciatic nerve exposed in the upper thigh was freeze crushed
obtained and they were successively mated to -actin Cre trans-
with Dumont No. 5 forceps precooled with liquid nitrogen for 45 s.
genic mice to remove the Tn5 neo cassette. The -actin Cre trans-
A loose knot was made in connective tissue surrounding the nerve
gene was also removed by successive breeding. The genotypes of
with a 10-0 nylon string to mark the crush site. Four or seven days
GFR1-TLZ animals were determined by PCR using oligonucleo-
after the injury, the mice were fixed with 4% paraformaldehyde by
tides P1(5-CTTCCAGGTTGGGTCGGAACTGAACCC), P2(5-AGA
transcardiac perfusion, and the sciatic nerves were collected for
GAGCTCAGCGTGCAGAGATC), and P3(5-AGAGGGCGAGGACAG
histochemical analysis. To label motor neurons retrogradely, ani-
TAGAGGGAGGCA), where 200 bp wild-type and 300 bp mutant PCR
mals were subjected to the second surgery 4 or 7 days after the
products were amplified with P1-P2 and P1-P3, respectively. To
nerve crush injury. Under anesthesia, the sciatic nerve was cut 7 mm
detect the Ret-GFR1 allele, PCR was performed with oligonucleo-
distal to the crush site, and 3 	l of Fluorogold (2.5% dissolved in
tides (5-AGTGCCCGCTGCGCCCGGGCTGG) and (5-CCCGCCAC
PBS: Fluorochrome) was applied to the central nerve stump (Pot et
GCACTGCCTTAGTGT).
al., 2002; Sagot et al., 1998). After 48 hr, the mice were fixed by
perfusion, the spinal cord was dissected, and consecutive 30 	m
Histological Analysis thick frozen sections were prepared. The Fluorogold-labeled motor
In situ hybridization was performed according to the Anderson’s neurons were counted in every fifth section.
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